After our analysis of the distribution of predicted intrinsic curvature along all available complete prokaryotic genomes, the genomes were divided into two groups. Curvature distribution in all prokaryotes of the first group indicated a substantial fraction of promoters characterized by intrinsic DNA curvature located within or upstream of the promoter region. We did not find this peculiar DNA curvature distribution in prokaryotes in the second group. Remarkably, all bacteria of the first group were mesophilic, whereas many prokaryotes of the second group were hyperthermophilic. We hypothesize that DNA curvature plays a biologic role in gene regulation in mesophilic as opposed to hyperthermophilic prokaryotes, i.e., DNA curvature presumably has a functional adaptive significance determined by temperature selection.
The determination of complete genome sequences led to evolutionary analysis at the comprehensive level of genomes. Computer analysis of complete prokaryotic genomes has resulted in characterization of families of orthologs across a wide phylogenetic range Huynen and Bork 1998; Koonin et al. 1998) , focusing primarily on gene evolution. Some recent research has studied the evolution of transcription regulation (Aravind and Koonin 1999; Gelfand et al., 2000) . Our objective was to scrutinize, compare, and contrast gene regulation in Archaea and Bacteria. One such pattern of gene regulation is the presence of curved DNA upstream of a promoter, which has been described as "a common theme in prokaryotic gene expression" (Perez-Martin et al. 1994) . The widely accepted hypothesis explaining the possible functional role of curvature in gene expression is that curved DNA assists in the formation of a large loop around RNA polymerase. Such a loop enhances the affinity of the complex to DNA and brings together components of the transcriptional complex that are otherwise more distant in the DNA sequence (Matthews 1992; Rippe et al. 1995) . Curved DNA upstream to the promoter (upstream curved sequence, or UCS) has been shown to play a functionally regulatory role in Escherichia coli (Plaskon and Wartell 1987; Bracco et al. 1989; Lavigne et al. 1992; Carmona and Magasanik 1996; Dethiollaz et al. 1996) .
In many of these and other investigations, presence of the curved DNA was established experimentally by a gel-electrophoretic anomaly technique. In many publications, existing computational models were shown to predict magnitude of DNA curvature with high reliability (Boffelli et al. 1992; Shpigelman et al. 1993; Goodsell and Dickerson 1994) . In a previous study ), we applied the three most popular prediction models (De Santis et al. 1990; Bolshoy et al. 1991; Goodsell and Dickerson 1994) to compare distribution of average curvature values in different sets of sequences. One of the most important results of our study was that, qualitatively, all models demonstrated identical results. All three models indicated that UCS were found in E. coli substantially more frequently than it could be expected either from random distribution of DNA curvature along the genome or purely from A + T composition of noncoding DNA. We found that E. coli promoters as a set are significantly more curved than sets of coding sequences and randomized sequences . Escherichia coli promoters also appeared to be more curved than randomly chosen fragments of E. coli noncoding sequences. In turn, noncoding sequences of E. coli were predicted to be more curved than coding and shuffled noncoding sequences. Interestingly, the robustness of the results was supported by the fact that in none of the three models was this effect found in the regions upstream to the human promoters.
In that study , we took the opportunity to analyze well-developed databases of E. coli and human promoters. Unfortunately, locations of promoters are rarely established experimentally for other model organisms. However, in many cases, we were able to estimate a distance from a selected site to the nearest start of translation. This estimate might roughly indicate the relation of a method of selection to a promoter region. For example, we may select the most curved DNA fragments and study their distribution relatively to 5Ј ends of predicted coding sequences (CDS). We used this approach in a previous work , where we showed that features of distribution of putative UCS in Bacillus subtilis, Haemophilus influenzae, and Mycoplasma genitalium are similar to those of E. coli DNA curvature distribution. Is this common genomic theme universal to all prokaryotic genomes?
To answer this question, we used statistical analysis. The fully annotated genomes provided essential information. We examined all complete prokaryotic genomes available through the Entrez browser provided at that time by the National Center for Biotechnology Information, six of which were euryarchaeal species and 15 bacteria. The consistent results of previous applications of different DNA curvature models ) allowed us to select and apply only one such model for the purposes of the current study. The DNA curvature referenced to the ith base pair was measured as a value reciprocal to the radius of the arc fitting the predicted DNA path, with the center at the ith base pair (Shpigelman et al. 1993 ). The length of such an arc corresponds to the length of a DNA fragment, with the number of bases equal to the window size. We paid special attention to the curved regions predicted by use of the window size of 150 bases because putative DNA loops involved in transcription initiation have relatively large sizes. Thus, larger intrinsically bent fragments are the best candidates for such loops.
To study specificity of genomic curvature in intergenic regions, we applied a number of approaches. The first was to compare curvature distribution in contrasted sets of fragments, as in previous studies . In a previous study , we showed that noncoding sequences of Bacillus subtilis, Haemophilus influenzae, and Mycoplasma genitalium are more curved than their corresponding control sequences. In the present study, we applied an approach analogous to all available complete prokaryotic genomes with a few window parameters. Our expectation was that results would be qualitatively independent of the window size, similar to what was shown for E. coli by .
In the present study, we describe the results of detailed comparative analysis of the distribution of predicted intrinsic curvature. Together, these results point to a presumably adaptive environmental division: mesophilic versus hyperthermophilic species.
RESULTS

Comparison of Average Curvature Values of Coding and Noncoding Genomic Sequences
It was repeatedly shown that, in prokaryotic organisms, intergenic regions are on average more curved than coding regions (VanWye et al. 1991; Gabrielian et al. 1997; Jauregui et al. 1998; . Table 1 shows the average curvature values of noncoding, coding, and shuffled noncoding regions. The curvature values were measured in nucleosome units (n.u.), as explained by Shpigelman et al. (1993) .
The largest values are shown in boldface type. Note that results are very robust relative to the window size. The noncoding sequences were found almost everywhere to be more curved than corresponding CDS; the exception was Treponema pallidum. We calculated the significance probability values (p) by the TTEST procedure (see Methods). This procedure showed that, in Aquifex aeolicus, Methanococcus jannaschii, and Thermotoga maritima, the hypothesis about random distribution of curvature along the genome could not be rejected. Because our expectation was that DNA curvature should be concentrated mainly in noncoding regions, this simple analysis casts doubt on a biologic role for DNA curvature in the life cycles of these four species.
Average Curvature Values of Noncoding Genomic Sequences and Random Sequences with Identical Base Composition
This comparison was performed to test the hypothesis that intergenic base composition per se may explain the differences in average curvature. Data in Table 1 appear to reject this hypothesis. Indeed, Table 1 provides evidence that, in almost every complete prokaryotic genome, noncoding (intergenic) sequences are more curved than their shuffled counterparts. However, we found exceptions: 
Curved DNA in the Neighborhood of the CDS
The second approach was to study curvature distribution around the 5Ј ends of the CDS. Our expectation was that UCS would be located upstream to starts of translation in regions of putative promoters. For every genome we calculated the curvature distributions in the neighborhood of the 5Ј ends ‫005ע(‬ nucleotides) and averaged these distributions over all such fragments. Figure 1 shows all curves on the same scale but are shifted along the y axis for illustration purposes.
The curvature values are presented in nucleosome units, as in Table 1 . Major ticks on the y axis correspond to the curvature of 0.02 nucleosome unit. We divided the genomes into three groups: big mesophilic genomes (Fig. 1A) , small mesophilic genomes (Fig. 1B) , and all hyperthermophilic genomes (Fig. 1C) .
Six mesophilic genomes ( Fig. 1A) clearly express nonrandom distribution, with curvature peaks between 100 and 200 bases upstream to the starts of the CDS. Mycobacterium tuberculosis distribution has less variance than that of other mesophilic genomes; however, it evidently has larger curvature upstream rather than downstream to the CDS, with the maximum in the region of ‫521מ‬ to ‫572מ‬ relative to the starts of the CDS.
Among seven smaller mesophilic genomes (Fig.  1B) , five plots show upstream asymmetry similar to that of larger mesophilic bacteria, albeit without convincing statistical significance. Treponema pallidum and Rickettsia prowazekii did not demonstrate any preference of curvature distribution.
Five of eight hyperthermophilic genomes ( Fig. 1C ) have no obvious preference in curvature distribution.
Three others are A. pernix, M. thermoautotrophicum, and P. abyssi. We discussed average curvatures of noncoding DNA in the genomes of M. thermoautotrophicum and A. pernix above. Reshuffling of noncoding DNA of these genomes can even increase average curvature. Thus, it is reasonable to suggest that larger curvature of upstream regions in these two hyperthermophiles is mainly a consequence of the noncoding AT composition. The upstream curvature in P. abyssi is probably of a different nature and plays a functional role. In this respect, P. abyssi is a special case: its curvature distribution curve is different from that of other hyperthermophiles and is more similar to that of mesophilic bacteria, such as B. subtilis.
In addition to the average curvature distribution around starts of translation, we investigated the distribution of locations of maximum curvature values in the same fragments (data not shown). This complementary approach produced consistent results.
Length Distribution of Intergenic Regions
After our analysis of the curvature distribution, we clustered the genomes into two groups. In principle, such clustering may be the result of an artifact: differences in length distribution of intergenic regions in different genomes can produce artifacts. Table 2 presents an extraction from the genomic annotations, sizes of intergenic regions are smaller than those of the other genomes. We mentioned that curvature distribution profiles of T. pallidum and P. abyssi genomes are dissimilar. It is most unlikely that deviation to smaller intergenic regions has the opposite effect on T. pallidum and P. abyssi genomes. Our general conclusion from the analysis shown in Table 2 is that size distribution of intergenic regions does not correlate with curvature distribution and does not produce meaningful artifacts. Nevertheless, we used another approach that was independent of the sizes of intergenic regions to investigate curvature distribution.
Location of the Most Curved Regions in the Genome
Whereas the first two methods distinguished curvature of coding from noncoding regions, the third one studies distribution of the most curved pieces along an entire genome. We used a three-step procedure that was applied to all available complete prokaryotic genomes. The first step was to produce curvature maps of an entire genome, with window sizes of 63, 150, 250, and 400 bp. The second step was to find a threshold such that regions with curvature over the threshold together cover close to a predefined part of genome length (we used values of 1.5% and 5% of the genome length) and to compile sets of all such pieces for every window separately. The third step was to construct histograms of distances from centers of the selected curved regions to the nearest annotated CDS. The histograms obtained for E. coli and H. influenza with the threshold equal to 1.5% are shown in Fig. 2 . The main result presented in Fig. 2 is that, for all window sizes, the most curved regions are preferentially placed about 100-200 bases upstream to the nearest CDS. Other "big" mesophilic genomes, namely B. subtilis, M. tuberculosis, H. pylori, and Synechocystis, have distribution profiles of the most curved pieces very similar to those of E. coli and H. influenza. Note that M. tuberculosis is placed among the "curved" genomes despite a very low A + T composition and low average curvature. The results obtained by this CDS-independent approach generally confirmed the results achieved by different methods.
DISCUSSION Evolutionary Conservation of DNA Loops in Bacteria
In many bacterial promoters, certain upstream sequences were able to stimulate higher transcription in vivo by factors of tens or even hundreds (e.g., Lamond and Travers 1983; Perez-Martin and de Lorenzo 1997; Ross et al. 1993 Ross et al. , 1998 . These upstream sequences frequently appeared to exhibit inherent DNA curvature. 
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However, the precise mechanism of action of these bacterial enhancers is still unknown. The role of curved DNA has been questioned. For example, when studying the rrnB P1 promoter, Aiyar et al. (1998) suggested an explanation for the different effects of upstream Atracts on transcription versus those of the intrinsic curvature caused by phased A-tracts. The conservative patterns of genomic curvature distribution across different mesophilic bacterial genomes presented in the present study provide a new, convincing indication that curved DNA is evolutionarily preserved. There are two major mechanisms for curved DNA to assist in a loop formation: directly or as a binding site for a structurerecognizing bending protein. The most curved fragments of a genome, measured by a large window of 250 and 400 bp, are the best candidates for direct assistance in a loop formation. Figure 2 shows that more than half (!) of these loop candidates in E. coli and H. influenza are located in presumed promoter areas. We observed a similar effect in other big mesophilic genomes. Our conclusion is that preferable location of long curved fragments upstream to transcription initiation starts is evolutionarily preserved and related to a mesophilic environment.
Curved DNA and Temperature Influence
Correlation between classification of genomes according to their curvature distribution and thermophility is not coincidental. Temperature and other environmental influences on the intrinsic DNA curvature, expressed as an electrophoretic anomaly, have been studied (e.g. Diekmann 1987; Ussery et al. 1999) . Chan et al. (1993) , by using a variety of physical methods, also detected a temperature-dependent, "premelting" event that eliminates DNA curvature, and they suggested that this event corresponds to the specific DNA structure of curved DNA. It was universally found that the effect of DNA curvature disappears with rising temperature. This relationship between temperature and DNA curvature may suggest functional significance of DNA curvature in hyperthermophilic Archaea, not under physiologic conditions but at lower temperatures only. We found that the hypothesis of Lopez-Garcia (1999) corresponds very well with our findings. Lopez- Garcia speculated that distinctive DNA topology in hyperthermophilic Archaea appeared as a result of evolution and that it participates in gene regulation in response to environmental changes. In that context (Lopez-Garcia 1999), the term "DNA topology" is almost synonymous with "DNA supercoiling". In the context of our work, DNA curvature is a simplified characteristic of the overall DNA structure. Nevertheless, the conclusions of Lopez-Garcia are very close to ours. This agreement is not surprising, because DNA topology and DNA spatial trajectory are directly related. Interestingly, the observation that transcription in Pyrococcus hyperthermophiles seems to be regulated differently from that of other hyperthermophiles Soares et al. 1998 ) agrees well with our observations.
Archaeal Transcription and Role of DNA Curvature in Gene Regulation
It was indicated that transcription in Archaea is more homologous to that in Eukarya than to that in Bacteria . Such homologues as between eukaryotic and archaeal TATAbinding proteins and between basal transcription factors TFIIB and TFB were mentioned. Curved DNA was implied among common DNA structural features exhibited by eukaryotic ribosomal gene promoters (Marilley and Pasero 1996) . In a previous study , we tried to answer the question of whether intrinsic DNA curvature is a necessary component of human promoter architecture. We found that, in eukaryotes, the frequency of occurrence of curved fragments in human promoter sequences hardly exceeds that for coding regions. We concluded that the regulation of eukaryal transcription rarely involves DNA curvature. In the present study, we suggest that the same is true with respect to archaeal transcription. As in eukaryotes, we assume that upstream curved sequences in hyperthermophiles are rarely involved in initiation of transcription. Presumably, UCS may be used by hyperthermophilic prokaryotes in response to cold shock ).
The possibility exists that a well-established similarity between eukaryal and archaeal transcriptional apparatus causes similarity in the regulation of eukaryal and archaeal transcription. In particular, this may be an origin of the aforementioned similarity with respect to a role of DNA curvature. However, the hyperthermophilic bacteria Aquifex aeolicus and Thermotoga maritima do not express patterns of preferences in DNA curvature distribution as do Archaea. The transcriptional apparatus of A. aeolicus is similar to that of E. coli and lacks components specific to Archaea (Deckert et al. 1998 
Concluding Remarks
All applied methods of curvature distribution analysis showed a substantial presence of more curved pieces 100-200 bases upstream to the start of CDS in such mesophilic genomes as Escherichia coli, Mycobacterium tuberculosis, Bacillus sp., Synechocystis, Haemophilus influenzae, and Helicobacter pylori. In contrast, both euryarchaeal and bacterial hyperthermophilic species did not demonstrate such a property. DNA curvature probably does not play any significant biologic role in the gene regulation of hyperthermophilic species. Our analysis does not determine unambiguously whether this lack of significant upstream curvature is typical for Treponema pallidum and Rickettsia prowazekii or whether it is an artifact produced by unusual genome structures. Further investigations should clarify this question. We predict that analysis of new complete prokaryotic genomes as a rule will show patterns of curvature distribution that are dependent on normal growth temperatures.
METHODS
Curvature Calculation
There are several models and methods of DNA curvature calculation. However, in previous publications , we demonstrated that different methods of curvature calculation were found to produce mostly similar overall tendencies of DNA curvature in all groups of sequences. In the present study, the prediction of DNA curvature was made by means of our CURVATURE program. This program calculates a three-dimensional path of a DNA molecule and estimates the curvature of the axis path Upstream Curved DNA in Prokaryotic Genomes
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www.genome.org (Shpigelman et al. 1993 ) with dinucleotide wedge angles (Bolshoy et al. 1991) .
Extraction of Coding and Noncoding Regions
Automatic procedures of extraction used annotations of complete prokaryotic genome sequences in GenBank, release 111. For every genome, one set of coding fragments and two sets of noncoding pieces were obtained by these procedures. The set of coding fragments consists of 250-bp-long pieces randomly chosen from every annotated CDS. The first set of noncoding pieces deals with all intergenic regions at least 100 bp in length, and the second set deals with those 250 bp and longer. The first set was processed by a window size of 21 bp and consisted of fixed-length regions of 250 bp each, immediately upstream. The second set included complete intergenic regions and was processed by a window size of 150 bp. Control "random" sets were obtained from corresponding noncoding sequences by reshuffling of sequences.
In our study of curvature distribution around the 5Ј ends of the CDS, we processed only CDS longer than 125 nucleotides and flanked by upstream intergenic regions longer than 125 nucleotides. We aimed to take a neighborhood of ‫005ע‬ bases in length. However, entire regions ‫005ע‬ bases in length around the starts of translation were used exclusively in cases where all 500 nucleotides upstream were located in an intergenic region and all 500 bases downstream belonged to CDS. Otherwise, only relevant downstream coding or upstream noncoding pieces were used.
Dispersion Analysis
To test the hypothesis that noncoding sequences have mean curvature distribution values different from those of coding and shuffled sequences, we used the TTEST and MEANS procedures of the SAS software. The TTEST procedure computes t statistic based on the assumption that the variances of coding and noncoding groups are unequal. This is an approximate t statistic for testing the null hypothesis that the means of the two groups are equal. The probability value p (Table 1) is the probability of greater absolute value of t under the null hypothesis. The TTEST procedure provided the two-tailed significance probability, and the MEANS procedure was used to obtain paired-comparison t tests between noncoding and shuffled noncoding sequences. The same procedure was applied to test the hypothesis that the distribution of distances from the peak of curvature in the neighborhood of the start of translation to the start is normally symmetric.
